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- Abs;ract

Reflection spocira were recorded on selected thin film mﬁterials
from 2.5y to 17.0p using light polarized 'paraliel to the plane of
incidence, The materialc were (dS, CdSe, CdTe, Ge, ZInS. ZnSe, and
InTe vacuum evapcrated onte XCIl substrates, The spectra were ana-~
lyzed using two cifferent techniques: (1) the Fresnel reflection
coefficients were applied to a three media model, where the second
medium had an extinction coefficlent, and (2) an index of vefraction
was computed from the interference fringes of the spectra. The
Interference fringe analysis Indicates that the index of refraction
of the thin filin cortings is approximately the same as that of the

builk material in the 10.0 micron region, except for Cd$

-
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DETERMINATION OF REFRACTIVE INDEX OF THIN

FILMS FROM !NTERFERENCE-FRINGE REFLECTION SPECTRA
I. Ivtroduction

The development of the high power infrared laser ha: generated a
requirement for increasing the transmittance of laser windows. The
inherent transmittance of any laser window material is increased by
using a multilayer anti-reflection (AR) thin film coating. The design
of an AR coating requires accurate knowledge of the optical constants
of each thin film material in the wavelength region where it will be
used. The optical constants of a material are the real and imaginary
parts of the complex index of refraction, n=n+ ik, where n is the
true index of refraction and k is the extinction coefficient. The ex-

{ thoction woelfioiont 12 divestly icloicu iw the abSuipilion wueiiivieni,
being the wavelei:.gth of Incident light in vacuum, and is a
meast?e of how much incident energy will be absorbed by a material
(Ref 4:611).°
Many thin film materials are currently being developed and used
without the optical constants being adequately characterized. The
optical constants of some or these materials in bulk form are known i
the infrared, but the optical constants of the material used as a thin f
film are believc& to be di/ferent from those of the bulk material. In
order to satisfactorily design the necessary AR coatings, the optical

constants of these materials nezd to be determined.

Seven proposed thin film AR coating materials were investigated

to determine their optical constants. The materials were cadmium
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selenide, cadmium sulfide, cadmium telluride, germanium, zinc seienide,
zinc sulfide, and zinc telluride. Each materiai-was vacuum evaporated
onto a potasslium chloride substrate. Th% samples studied, then, c¢n-
sisted ;f a thin monolayer coating of each material on a potassium
chloride substrate.

The reflection spectra of the samples were recorded from 2.5 to
17.0 microns using a Perkin-Elmer 225 dual beam spectrophotometer with
a reflectance at:iachment. The incident light was polarized parallel to
the plane of incidence. Two methods were uscd to analyze the spectra.

In one method an index of refraction, n, was calculated from the
wavenumber spacing between interference fringes in the spectra. This
method yielded an average n over the interference fringe or fringes
used to calculate n. This method had two disadvantages:® (1) an n at a

- - - - - . - - - - fan . e . a LR
SPFECIIIC wave ISyl LUUIY DUl Ue caicuialea, anu (Z) INis neLnua ain poc

-

account for an extinctlion coefficlent, k. Therefore, a second method
was used to analyze the spectra.
In order to be able to obtain an n and a k at & specific wave-
length, the Fresnel reflection coefficlents were applied to a twe
] boundary system to derive an expression for the total reflectance of
a sample jn terms of n and k of the thin film coating and the incident

angle of light. A computer program was used to determine simultaneous

values of n and k that would yield reflectance values equal to the
experimental reflectance values. A number of simultaneous n and Kk
values was determined for each angle. Then for any incident angle, :

these péirs of n and k would plot a curve on an n vs Kdiagram. |If two

incident angles were used, two curves could be plotted. These two
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( . curves should cross at some point which would determine the n and k
of the thin film coating. Since the reflectance.values used were at
a specific wavelength, the determined n ipd k values would be valid
for a s;eciflc wavelength.

In order to simplify the equations used to analyze the spectra,
the air/film/substrate system was treated as an ideal two boundary
system. No attempt was made to account for discontinuities in the
coatings, the condition of the substrate, or method of coating
preparation. Each of these would kave an impact on the analysis of any
data.

The remainder of this report Is arranged as follows. The theory
pertinent to the equatlions used to analyze the spectra is developed

In Chapter 1!. The experimental apparatus used is described in Chapter

-

| 3 | o
2R [~

- e v . - -
- L I PY PP o PO T R S e
C aistU TiaCussil Wi wlivip e

IlIl. The results and conclusions are presented in Chapter |V and some

recommendations for impiovement are discussed in Chapter V.
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it. Theory
Introduction

- *
As mentioned in Chapter |, the reflection spectra were analyzed

by two different methods. The theory pertinent to each inethod will be
developed in this chapter. One method was to take the normalized re-
flectance value at a specific wavelength, and to analytically find the
Index of refraction and extinction coefficient of the thin film by
applyling the Fresnel reflection coefficients to a two boundary system,.
The second method was to compute an index of refraction for the thin
film from thehreflection spectra interference fringes. Both methods
were modeled by a three media system, and the following simplifying

assum,-tions were made: .

@. Only medium two, the thin film coating, had an extinction
coefficient.

b. There vas no contribution to the total reflectanca from

the back surface of the substrate, medium three.
7

c. All three media were linear, homogencous, and Isotropic.

The first assumption was based on the following considerations.
The beam path lengths for the reference and sample beams were matched.
Therefere, ény difference in absorption of the two beams by air should
be small. At cne point in the beam paths, the sample beam was reflected
off the sample while the reference beam was refiected off an aluminum
reference mirror. At any other time the two beams were reflected off

similar surfaces. The difference of absorpticn between these refliecting

surfaces was assumed to be small. In order to simplify the analysis,
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the total extinction coefficient for medlum 1 was assumed to be zero.
Medium three was potassium chloride and its extléctlon coefficient Is
much Iefs than one, so its extInction cocfficient was also assumed to
be zero to simplify the analysis.
The second assumption was not demonstrated to be correct cr incor-
rect by experiment. A specirum of one of the thin film coatings was
recorded at the 51 degree incident angle. Then the back surface of the
substrate was thoroughly sandpapered and ancther spectrum recorded. .
The two spectra were identical between 2.5 and 5.0 microns, however
between 5.0 and 17.0 microns the maximum amplitude of the second spectrum
was one to two per cent less than the first spectrum. Thls might indi-
cate that there was some contribution to total reflectance by the back
surface of the substrate. However, a difference of this magnitude also
occuiied in some of the thin Tiim spectra for equal tilm thicknesses,
so the test was inconclusive. No morertests were run, because each test
would destroy one side of a sample. i
The third assumption was inaccurate. Only one of the coatings
physically appeared to be a good ceating. The remainder were scratched
and/or fogged, or had run. An individual description of each coating
Is Included in Appendix A. Unfortunately, It was not possible te avoid
these imperfections by adjusting the beam position. In numerous
substrates one could see sub-surface cracks. THe substrates were

mechanically polished, so the sub-surface cracks are probably an

o ————— g

Indication of internal stress.

The remainder of this chapter Is divided into two sections. In the

flrst section, the equations used in the normalized reflectance analyslis

A

P

asha
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B




e .

™~

GER/PH/74-9

are derived. In the second section, the equation used to compute the

Index of refraction from interference fringes is derived.

1]
Derivatlion and Use of Total Reflectance Expression

The thin film coatings were analyzed using the three media model
shown in Figure 1, where ry and r, are the Fresnel reflection coef-
ficienis at the air/film Interface and the film/substrate interface
respectively. The n's are the indices of refraction of their respective
media. 6, is the angle of incidence, and 62 and 05 are the angles of

refraction in their respective media.

Incident Reflected
Light Light
Medium | = Air
n
3 f Medium 2 = Thin Film
ﬁ =n,+ik d
25N *iRy l;;, Medium 3 = KC1 Substrate
1
n ! \
3 |
83
Fig. 1. Three Media Model! Used in Total Reflectance Analysis

The Index of refraction for the film becomes complex with the addition

of an axtinction coefficlent and is defined as follows:

n, = n,+ lk2 . (1)

where n, is the true index of refraction and k2 is the extinction

coefficient.

PR <.

| .
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Now for the sake of rathematical convenience one can make the fol-

lowing definition:

~

n, cos &, = u +'tv (2)

where cos 8, is a complex quantity.
The fact that cos 6, and sin 9, are complex quantities stem from

the laws of Fresnel and Smell which are still valid in 2 purely formal

way (Ref 28:501).

sin 62 -

Tk, o
2

+ ik
n, iuz

2 .
cos 92 - \/lv' (__._n.l...__ sin e!) (4)
7

The physical interpretation of this has to do with the planes of con-
stant phase and constant amplitude of an electromagnetic wave in
a conducting medium, that is a medium with an extinction coefficient.
In a pure dielectric {no conductivitiy), the planes of constant phase
and constant amplitude are the same. In a conducting medium such as
medlum 2 in Figure 1, the planes of constant amplitude are parallel to
the air/film interface. The planes of constant phase make some angle
¢ with the planes of constant amplitude. This Qngle ¢ Is the tru;
refraction angle and is a rather complicated function of the incident
angle (Ref 28:502). So, while 6, Is not the true refractive angle in
medium 2, cos 6, and sin 6, are complex quantities and can be used in a

formal way to derive an expression for total reflectance.

Al P4 e e

EY SOTRTR
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( . Now square both sides of (2): |

(52 cos 62)2 = u? + 2juv-v? (5)
1]

) 2
Using Snell's law and sin? 8,= 1 - cos” 6,, one can get:

2 2aait2 .2 2
02 cos? 0,= n, n sin e1 (6)

Combine equations (5) and” (6), and equate the real and Imaginary parts:

udey? = n22- kzz- n12 sin2 e1 (7)

uv = nyk, (8) ’

Mow, solve equations (7) and (8) simultanecusly and apply the quadratic

formula:

sin 8.} + \/ (nzz-k 2~n12 sin? 61)2 + ‘i(nzkz)2

(9)

2 il 2ok 2en 2 cin2 2.0 2.0 2 «in2 a )2 2
2v (n2 k2 n sin el) + \/(n2 k2 n * sin 61) + b(nzkz)

(10) -

The incident light in the experiment was polarized parallel to the

e e e w4

Incident plane, so the Fresnel reflection coefficients, r; and s Can

be written as follows:

-~ 2 _ - )
, . n,* cos el n,n, cos 8, (ll)

-~ 2 )
n2 cos 91+ n.n, cos 92

172
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n -n2

n,n, €os €2 n,“ cos 8, (12)
- A ~

nang cos 6,+ n22 cos 83

L§ ]

Apply definitions (1) and {2) to equations (11) and (12), perform the

indicated operations, and separate into real and imaginary parts:

(nzz‘kzz) cos 8) - nju + i(2n,k;, cos €, - nv)

r - ] - T (13)
1 (n2 k, ) cos 6 +nu+ |(2n2k2 cos 6, + nlv)
- 2_. 2 ~e O > o ox tlane 1, mam Q . \.\
(n2 L2 ) ccs gpotmu =k ces g vy
r - (n.2-k_4) cos 9, + n,u + i(2n k., cos 6, + n_v) Q)
2 2 2 3 3 ] 3 3

Now applying the relation |Al = (AA*)*, where A* is the complex conju-

gate, one gets for |r. | and |r_|.
1 2

_ (n,2-k,2)2 cos? 8; ~ 2un;{n;2-k,2) cos &, + n;2u?

101 2, 22 2 2l 2 2,2
(n,?-k,%)* cos® 8, + 2un, (ny4-k,%) cos 6, + n “u
(15)
2, 2 2 - . 2,2
+ knz k,“ cos® 8, ‘mzk2 n,v cos 8,4+ n ‘v
2, 2 2 2,2
+ knz k, cos 6, + 4n2k2 nv cos 6+ n v
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2. 2y2 2 - 2. 2 2,2
Il - (n2 k, ) C9S 0, 2un3(n2 k, ) cos 0.+ n *u
2 (np%-ky2)* cos® 63 + 2ung(n,?=k;°) cos 0,4+ nytu?
(16)
L]
2 2 2 ¥
+ bny%k,? cos? 83 - bnyk, nyv cos 05 + ny2v?
+ knzzkgz cos< 83 + bngk, nav cos 05 + n32v2
Apply Snell's law to find cos 83 in terms of 0,:
n,2 sin2 8, ¥
cos 8 - 1 - | ——g——— (17)
3 n3
The total amplltude reflection ccefficlent, r, for this three
media system !s {Ref 4:61).
r. ]+ |r | 28
r nl e ls —s (18)
1+ ]rll |r2]e
where
"’\ "~
5 = %. dn, cos 8, = 2mv dn, cos 6, (15)

~ A Is the wavelength of incident light and d is the physical film thick-

ness, and v = 1/A 1s the wavenumber., The total refiectance, R, will be

R = |r|2 (20)

where r is defined In equation (18), and |r;| and |r,]| are defined in

equations (15) and (16), respectively.
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This derivation generally follows that of Born and Wolf (Ref
4:625-27). However, there should be no phase Interference effects at
the quctrophotomctcr detector due to the extremely short coherence
length of the source light and the fact that the area of the detector
should be large enough fo average out any interference effects.
Therefore, a phase relation was not introduced Into equations (i5),
(16), and (18), as Born and Wolf did.

As can be seen from (15), (16), (17), {18), (19), and (20), one
needs to know the following varlables to compute R; n,, 6,, n,, kz;

Nyy Vv, d, and n_ cos 6,. R and > are determined by the spectrophoto-

2
meter. The.IncIdent angle, 6,, and film thickness, ¢, are measured as
explained in the next chapter. The refractive index of air, n,, is one,
and the refractive index of the substrate, n,, can be exherimentally
determined as shown later. The expression 52 cos 6,, was defined as
u+ iv by (2), and the quantitlies u and v are expressed in (8) and (9).
Thus one knows all the variables in the expression for total reflect-
ance at a speciflied wavelength except n, and kz'

At any given wavelength all the measured variables and n3 will be
constant and there will be numerous values of n; and k, that will
satisfy equation (20). However, for any qlven valuc of n, there will
be a uqlque value of kz' If one assumes a range of n, values, then there
will be a unique corresponding range of kz values. These paired Values
cen be piotted as a curve on an n, versus k2 diagram as discussed by

numerous authors (Ref 16). 1f the angle of Incidence is changed, R

will change, consequently, new values of k, will be found for the same

11
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range of n, values. These values of n, and k2 can be plotted as

another curve on the same n_ versus k2 diagram. The npoint where

2
these two curves cioss determines the values of the true index of
refraction and extinction cocfficient. An example of how this might

appear Is shown in Figure 2.

A computer program was written

to determine a range of values
Extinction

Coefficient of n

9 and k2 that would satisfy

the experimental data at 10.6

microns. The flow chart is

]
i presented in Appendix E. The
1 ¢ '
! ~Refractive range of n, used in the computer
p/r Index .
2 + . N program was n - 0.4 < ny <n, +
1
- _! 2 - 0.6 where n fs the refractive
g~

index of the bulk material.

Fig. 2. |Intersection of n; vs
k, Curves

It was assumed that this range was sufficiently large to cover any
changes in the index of refractlon caused by the material being used as
a thin film. After the value. of n, and k, were determined by computer
calculations at each incident angle, the results were plotted and,the
true Index of refraction and extinction coefficient determined by the
point where the curves crossed.

It was previously mentioned that refractive index of the substrate

could be determined experimentally. The bare potassium chloride
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substrate Is nothing more than the two media system shown in Figure 3,

if one makes use of the assumptions stated in the Introduction to this

chapter.

fncident | ‘Reflected
Light : Light Medium 1 = Air
'
£
n '
) W
: Medium 2 = KC1 Substrate
|63
n {
3

Fig. 3. Two-Media Mcdel Used te Dotermine the Refractive Index
of the Substrate

The Incident light Is polarized parallel to the plane of incidence,

so the Fresnel reflection coefficient is:

S'n 61 2 i
ny cos €, - 1 - —

Ny

- 7
n3 cos By +/I -(f—i-g—-e-l-) ) i
3

(21)

where n = I and cos 65 has been rewritten using Snell's law. Total

reflectance, R, is the square of the reflection coefficient or

R= |r]2 ' (22)

13
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The quantities R and 6, are measured experimentally which leaves
n, the only unknown In (21) and (22). A computer program was wrltten
to determine a value for n3 given R and 8;. This value was then used

In the computer program to determine values for n, and kz.

Interference Fringe Analysis

The three media nmoded shown ir Figure 4 is the one used for this
analysis. The three assumptions stated in the intreduction to this
chapter apply. Added to these is the assumption that the index of
refraction of medium three is lesy than that of medium two, which was
true for all ;amples studied. Any incident iight ray will be reflected
and refracted at both interfaces, and the resultant light rays will
trace the paths shown in Figure 4. The refracted rays at the second
Interface have been cmltted because they dc not znter intc the

analysis.

Reflected
Light

Incident Medium 1 = Air
Light
. Medium 2 = Thin Film
}/Medlum 3 = Substrate
2 Jﬁ/

| - 7\ -

Fig. 4. Three Media Model Used in Interference Fringe Analysis

14
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( - The reflected rays alternately interfere constructively and ' {
destructiveily as the wavelength of the Incident light increases or
dicreases., A reflaction spectrum then will have alternating reflec-
tance maxima and minima as the wavelength increases or decreases.
Although it is not obvious, the presence of an extinction coefficlent i
in the thin film does not change the {ringe spacing, as shown by
computer calculations at Philips Laboratories {Ref 11:2346).
For a reflectance spectrum of a free standing film or of 2 film
on a substrate where the index of refraction of the cubstrate is less ;

than that of the Film, the position of amplitude minima and maxima can

be determined by the tollowing relations (Ref 17:262-3).

2nd cos 8, = w/v HINTMA . (23)
K Znd cos o, = (m+ /v HAXIMA . (74 A
where ' f -
a = index of refraction of the film. 3 3%
d =  physical thickness of the film, f
e, = angle of refraction in the fiim. : ;ﬁ
s v = %. = wavenumber of incideny light. ) j '}
m = the order of the interference. : ‘1i

Using Snell's luw, cos 0, can be rearitten in terms of 8,5 the incident
angle of the incident light.

sin” 6]
cos &, mi{l = —m———— (25)

“
1

Now combining equation (25} with elther equation (23) or equation {(24)
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one can obtain the same result for n.

%

2 .

a2 gig) B +'sin? 0, (26)
if

wherc

Am = m, - m = number of fringes between the Initial

and final fringes counted.

Av = v -y = wavenumber difference between the

Initial and final fringe.

Equation (28) was then used to compute an Index of refraction.

The values for Am and Av were obtained from the reflection spectrum,

and 9, and d were measured as outlined in Chapter III.
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I11. Experimental Samples, Equipment, Problems, Procedure,
and Parameters

ln;rodgcglgg ,
This chapter is divided into five parts. The samples studied

are discussed in the first part. The physical apparatus used to take

measurements is discussed in the second part. The problems encountered

during the course of the ‘experiment and the experimental procedure used

are presented in parts three and four, respectively. Finally, the

reasons for choosing the final experimental parameters are presented in

part five.

Samples

The coated samples were prepared, under government contract, by

Optical Coating Laboratory, Inc. The materials under study were ther-
mally vacuum evaporated onto polished potassium chloride blanks. 3/8
Inches thick and two inches in diameter. Two blanks were coated at
the same time so there were normally two coatings of each thickness

to teit. Each side of each blank was half coated, and the coating

on one side of a blank was rotated 90 degrees from the coating on the

other side as shown in Figure 5.

Rotate About
Vertical Axis

Flg. 5. View of Both Sides of aVCoated Blank
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Many of the coatings appeared much as a newly painted vertical
wall does when the paint "runs'., The details of the sample prep-
aration were not available, so 1t Is not known how ti.is ''runaing"
could occur, The fact that these '‘runs'" were actual discontinuities
was confirmed by measurements with a Stoan M-100 angstrometer, In
addition, almost all the coatings had apparent discontinuities and/or
scratches. An indivldual'descrlptlon of each coating Is presented In
Appendix 2. Althouah the sanmplies were not physically good coatings,
it was felt that a general idea of their optical constants might be
obtained by analyzing their reflection spectra in accordance with the

theory developed in Chapter II.

Apparatus .

The reflection spectra of the seven thin film materials were
recorded using a Perkin-Elmer 225 dual beam spectrophotomeier with a
reflectance attachment. The reflectance a“tachment was deslgned to be
used for direct reflectancz and consisted of two units. @One unit was
the mirror fmage of the other In order to match beam paths. These
units were attached to one another by steel rods so that wher the
attachment was placed In the spectrophotometer sample compartment,
one unit was in the sample beam path and the other unit was in the

reference heam péth. The placement of the attachment and the

resulting beam paths are saown In Figure 6.
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L“ Source Housing <J

Aluminum
Mirror =

* |4— Beam —
N Paths

L/

-FSample

[-_____ﬁ_~ ‘ Mirrors Ing}

'\J j-— P
Reference 1l o #1
Unit Sample

<Q\<f - ___f\ , y Unit

, N > Mirrors’ ¢ 6;//’

Mirfor E/,/f"\\\ ™A 3 \\\\glrror 2
(__ ' - Spectrophotometer ' ‘1

Fig. 6. Attachment Placement and Beam Paths

/
Figure 7 shows an expanded view of the unit that would be in the

samplé beam. Light from the source was reflected by mirror 1 onto
the sample. The light was then reflected in turn to mirrors 2 and 3
and into the spectrophotometer. The reference beam unit had an
aluminum reference mirror in the sample position.

The incldent angle of the light onto the sample was variable
from about 22 to 70 degrees. This was possible because mirror 1 could
be placed in one of three positions, and the sample mount was on a
slide which had a travel of about three centimeters, as shown in Figure

7. All mirrors s d the sample could be rotated about their vertical axes.

19
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Theoretically, any incident angle coul.! be chosen between 22 and 70
degrees, However, it was difficult to align the.attachment to a spe-
ciflc [ncldent angle, because it was a tgial and error process. One
normally positioned mirror 1 where he thought it should be. Then the
sample and remaining mirrors were aligned with respect to mirror 1.
1f the resulting angle was not correct the process was started over
again. ’

The incident angle was measured indirectly. The angle that the
central ray of the source beam made with the axes of the source housing
was known. Additionally, the sides of the attachment were approximately
perpendicular and paraliel to the axes of the sourcevhousing (within
two degrees). So small protractors were placed under mirror 1 and the
sample mount. These protractors measured the angles that the mirror and
sample made with the sides of the attachment. Since the angles *hat the
incident beam, mirror, and sample made with respect to ¢ common refer-
ence were known, the incidenf angle could be determined by geometry.

The light was polarized parallel té the plane of incidence with
a number 186-~0240, Perkin-Elmer wire grid polarizer. This polarizer
had a spectral range of 2.5 to 35 microns. It was placed in front of
the entrance slit of the spectrophotometer, since this was a common
polnt of the sample and reference beams.

Since only half the substrate was coated as described previously,
the top part of the incident light beam had to be masked to insure that
only the coated half of the sample was ililuminated. This was done two

ways. First a jig was built to mask the beam just before it reached

the sample and aluminum reference mirror. Second, a mask was built to

21
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fit directly over mirror 1. The second procedure proved to be the
more convenient because this mask did not reguire realignment with
every s?mple change. In elther case, the sample and reference beam
were mask:d the same amount. It was found that the best reflection
spectra were obtained when as large an area of the coating as possible

was i lluminated.

Experimental Problems

Optical Aligrment. Optical alignment of the system was the biggest

problem. This occurred both in the vertical and horizontal plames. To
align the system in the horizontal plane the_spectrOphotometer housing
was opened an& the light beams followed throuah the system. The attach-
ment mirrors were rotated until the spectrophotom:ter entrance slit was
illuminated by both the reference and sampie beams. Then the housing
was closed and the Tine allgnment accomplished by siowly rotating
mirror 3 on both units. First, mirror 3 on the reference unit was
slowly rotaved unt!l the scale reading was lowest. Then mirror 3 of the
sample unit was slowly rotated until the scale reading was highest. This
part of the alignmaent procedure was critical as a 2-3 degree retation
would result in z scale deflection of five to ten percent or more.

The vertical alignment problem became evident whenever a filter
was moved In front of the sntrance slit to the spectrophotometer._ The
filter was placed in the beam at certaln wavelengths to protect the
spectrophotonieter detector. |If both beams did not strike the filter

at the same angle, then one beam was scattered differently than the

other. Thus, more energy of one beam would enter the spectrophotometer
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and cause a scale deflection of 5 te 20 percent. This deflectioﬁ could
thecoretically be reduced to zero by proper alignﬁent of the attachment
mlrrors: Practically this was lmpossibl% because there were eight re-
flecting surfaces to adjust. The deflection was significantly reduced
by carefully tilting mirror 3 on each unit so that the sample and
reference beams illuminated the spectrophotometer entrance slit equally.
Thken mirror 2 of one unit'was tilted in small increments. After each
increment the spectrophotometer was run through the portions of the

spectrum where the filter came into the beams to see if the deflection !

C—— e

was within acceptable limits. This procedure was continued until the
deflection was within acceptable limits; normally about plus five

percent.

e A s

Light Spillover. The light boawm from the source housing was a

converging beam. Since al! the reflecting surfaces were flaz, except
mirror 3, the reflected beam would at times "spill" around the ecdges
cof one of the mirrors. To minimize the effect of this, the spillover

was matched as much as possible on both units of the attachment.

LI NPT R Sir st * RRR VRV R L bl

Sample and Reference Mirror Mounts. The reflectance attachment

mounts for the sanple and reference mirror did not provide a secure

mount. So new mounts were made out of balsa wood. Balsa wood was

e et

used because it was easy to work with and any mount could normally be

made In a day. The balsa wood inounts were constructed to slip over
the attachment mounts. The balsa wood mounts proved very durable and

were more than adequate for the experiment.

23
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Experimental Procedure

At the beginning of each day, two 1002 reflection spectra were
recorded with an aluminum mirror in the ﬁeference unit and a United
States bureau of Standards gold standara airror in the sample unit.

Two 100} spectra were run to check the spectrophotometer reproducibility
and to get an average 100% reflection spectrum., Then without changing
any controls or mirror positions the gold standard mirror was replaced
with coated samples and the reflectlon spectra of the coatings were
recorded. There normally were two coatings of the same thickness for
each substance so the two spectra for that thickness were averaged.
After all the spectra were recorded the reflectance values were normal-
Ized at every half micron as shown in Appendix B. This normalization
process was required because the 100% spectra could not be recorded at

Tull scale defllection {100%). They were wurmalily recuided at abuui

90% scale deflection. 7This was due to the recording pen defleélion
caused by vertlcal mirror misalignment discussed in the experimental
problems section of this chapter. The wavenumber positions where the
reflectance maxima and minima occurred were recorded for each spectrum,
and then averaged for coatings of the same thickness. This information
is presented in Appendix C. This information was then used to compute
an index of refraction for each material using equation (26). The
computed indices are presented in Appendix D.

The physical thicknesses of the samples were measured using a

Sloan M-100 angstrometer. This angstrometer works on the principle of

Fizeau fringes with a sodium source. Tt!s procedure would often result

in a small cut in the thin film coatings, so this measurement was left

24
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until all reflection spectra had been recorded. Also, only one coating
of each thickness was measured so as to keep froi damaging any more

samples than necessary. The validity of ,this procedure was checked by
measuring two coatings that were supposed to be the same thickness for
two different matcrlals; In both materials the measurement of the two

coatings was the same.

Parameters

The parameters chosen for tnis experiment, such as incident angle,
plane of polarization, etc., were dictated by the use of the total
reflectance analysis discussed In Chapter 1l. The reason for choosing
tight polarizéd parallel to the Incldent plane was that paraltlel
polarized light is more sensitive to changes in the index of refraction,
n,. and the extinction ccefficlent, k.. and Is more tolerant o% measure- ;
ment error than perpendicular polarized light (Ref 16:1200, 1202)7
Three angles of incidence were used because any ambiguities caused by
multiple incersections of two ny-k, plots would be resolved by a third :
nz‘k2 plot (Ref 16:1201). The values of the incident angles used in
this experiment were chosen because the highest crossing angle between
two na-k2 plots occurs when one plot is the result of measurcments taken =
at near nor%al Incidence and the other plot is the result of measurements
taken at the prlﬁclple angle of incidence. The‘prlnclple angle of
Incidence is the angle where the phase difference between the reflect-
ance of parallel polarized light and perpendicular polarized light is
90 degrees (Ref 16:1200). This angle is very close to the Brewster :
angle, so the 51 and 63 degree angles were chosen on fhis basis. The

22 degree angle was as close to normal Incidence as the attachment would

25
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The fact that three Incident angles were used also gave a cross-
check on the computation of the Index of refraction using equation
(26). Since the interference fringes occurred at about the same
place for all Incident angles, any discrepancies between spectra
would be immediately detectable by how well the calculated indices

agreed.
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IV. Results and Cgﬁclusipns \

JIntroduction
This chapter is divided into four pérts. The results of the ex-

perimental spectra are dealt with in section one. The results of the
total reflectance analysis and the interference fringe analysis are
discussed in sections two and three, respectively. Finally, the
Indices of refraction of the thin film coatings are compared with the
Indices of refraction of the bulk materials in section four. Con-
clusions are broken dcwin In the same manner and presented in their
respective sections.

. It should be pointed out that the pumerical results may or may ?
not be correct because the equations used to determine nymerical results
are based on an idealized three media model, and qll but one thia film %

o ]

coating displaved visible inhomogeneities. However teal

thn nomas-
L™ 1

? TR

results probably give fairly accurate indications of any trends.

Experimental Spectra

1 e i i . Bt i WA &

The experimental spectra were very consistent. Each thin film

spectrum displayed the interference fringes discussed in Chapter Il.

e

Additionally, for cach‘;ample, the maximum amplitude of the spectra
decreased as the Incident angle increased. This is to be expected
because the incident light was polarized parallel to the incident'plane,
and the Brewster angles of these materials lie between 65 and 75 degrees.

The wavelength distance between fringes Increased as wavelength

S Aol e S P o A e

increased, which is to be expected for a material with a fairly

constant index of refraction throughout the spectrum. The wavenumber,
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- %., distancz between fringes, however, gradually decreased as the wave-

length Increased. This Indicates that the indices of refraction of
these materials increase as wavelength increases. Figures 8, 9, and
10 are reduced images of actual raw data and very graphically show
the interference fringes mentioned before. The spectra are cadmium
selenide, thickpess 2,59 microns, at Incident angles of 22, 51, and
63 degrees, respectlve!y.'

Another phencmena that can be seen In Figures 9 and 10 is a hump
in the spectrum that occurs from 13.5 to about 16.0 microns. This hump
was present on numerous spectra at the 51 and 63 degree incident angles.
Every time it occurred, the hump rose sharply at 13.5 microns, peaked
at 14.0 microns, and fell off to what appeared to be & normal curve
at 15.5 to 16.0 microns, This hump in the spectra is prbbébly an
consistent manner. However, the cause of this hump should be investi-
gated furth?r, because, if the hump is actually there, it indicates a
sharp rise In the index of refraction. The best way to check this
would be to record the spectra for the same materials on a different p
spectrophotometer.

The raw data in Figures 8, 9, and 10 also show that the ipectra
are recorded out to 22.2 microns. All spectfa were recorded this far
out In the Infrared, however, the 100% spectra became erratic affer
17.0 microns. Therefore, no values were normalized afier 17.0 microns,

and the position of fringe maxima after 17.0 microns may or may not

be correct.
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The erratic ﬁehavior after 17.0 microns is caused by the reflec-
tance attachment, because the spectrophotometer records a straight 1002
spectrum out to 35.0 microns without any attachment. This behavior
could probably be eliminated by a more exacting optical alignment of
the mirrors on the attachment and by using curved mirrors to image the
source onto the sample. Larger mirrors should also be used to eliminate
the spillover described in Chapter li. This would help because there

were detectable inhomogenieties in both the sample and reference beams.

Total Reflectance Analysis

This portion of the analysis was disappointing, as matching k values
for all given\n values could not be determined by computer calculations
as described in Chapter 11. The computer pregram was first set up to ‘
searcn Tor k vaiues from zero to one. unly 25% of the matching k vaiues
could be found, and all were less than one. The program was then set up
to search for k values from zero to ten. This time 35% of the matching

k values weie found. Again, all were less than one. However, where a

k value was found by both programs for the same n value, the two k

R

values were different in all cases. This indicates that the theory

Is insensitive to changes in k values. Accordi.g tc Harrick, reflected -
light Is reiat!vely insensitive to the extinction coefficient (Ref 11:

2346) . | |

A significant point Is that whene er the programs were unable to

e P ol 4T b el 280 At L

find matching k values, the theoretical reflectance was always greater
than the measured reflectance. This indicates that the inhomogeneities

In the thin films cause & reduction in reflectance from the ideallzed
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case assumed for the theory. This reduction is probably due to light
being scattered by the inhamogeneities. Another'possibilicy is that
the norpalized experimental reflectance values used in the computer
program were Incorrect. This could be due to an error in the
reflectance of the gold standard mirror, or an error in the measured
experimental refiectance, or both.

An error in the normalized data in Appeidix B could be intréduced
because the gold standard mirror was calibra‘ed at a 9 degree incident
angle, and the raw data was generated at :.igher incident angles. The
calibrated values of reflectance for the gold standard mirror varied
from 0.985 at 2.5 microns to 0.987 at 17.0 microns. Since the incident
light was polarized parallel to the incident plane, the reflectance of

the gold standard could change if it had an effective Brewster angle.

A rmemal £ ot _ 11t
A~ SES&FCn oF tne g1

ot

¢ialure showed that an evaporated goid mirror dis-
plays no such change In reflectance In the infrared for a 23 degree
Incident angle (Ref 5:264). Other sources list values of refractive
Index for evaporated gold mirrors that imply that any effective Brewster

angle Is about 40 to 50 degrees for 2.5 microns, 60-70 degrees for 3.0

microns, and greater than 70 degrees for longer wavelengths (Ref 13, 20).

These Brewster angles were calculated using the relaticon cot 6 = %.,
where n = refractive index of gold, 1 = refractive index of air, and
0g = Brewster angle. If there were an effective Brawster angle though,
the 100% spectra recorded at the beginning of each day should go to

zero reflectance at 2.5 or 3.0 microns. No such phenomenon occurred.

The literature values apply to evaporated gold mirrors, which had

different thicknesses and were prepared under different conditions than
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{ - the gold standard used. So in order to really verify the normalized

values one needs to calibrate the gold standard mirror at angles and

wavelengths of interest. This could posgibly be done with the Perkin-
Elmer 225 Spectropholometer working in a single beam mode with an
electrical test signal (Ref 3:23).

The experimental reflectance measurements were also probably in
error although it really kannot be determined by how much. The
magnitude of this error could be reduced if the vertic:! scale of the
spectrophotometer could be expanded. This could be done with an i
attenuator in the spectrophotometer reference beam. However, one would
need to know the absolute reflectance or transmittance of a sample in

i the sample beam in order to do an accurate expansinn. Although a di?-

ficult problem, this possibility should be investigated,.because of

e s e e v e

( the possibility of obtaining greater accuracy. !
! Finally, the computer program should be tested with theoretical

I data to see if it does glve correct answers. This is the next logical

{ step, since the programs do not yield answers for the experimental data. %

This was not done due to insufficlent time. :

Interference Fringe Analysis

The Indices of refiaction for zach material are presented In
Appendix D. This section will be a general synopsis of these results. :

The results generally show four phenomena: (1) the refractive index

G s~ 2

increases with wavelength, (2) the refractive index rises sharply j
* around 10.0 microns, (3) three of tﬂe thin film materials displayed

an Index change with a thickness change, and (4) the minimun to
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minimun fringes ylelded more consistent results than maximum to maximum

fringes.

The refractive index for all thin film materials, except germanijum,
- L]

Increased as the wavelength increased. In some materlals this Increase

was about 0.1, while in many others it was about 0.5. The analysis for

germanfum dld not have consistent results., Using the maximum to
maximum interference fringes, the refractive index of germanium
Increased, while using the minimum to minimum interference fringes the
refractive index decreased slightly.

The refractive index of all materlials rose sharply at about 10.0
microns. Up to about 10.0 microns most-materials showed a modest
Increase In the value of the refractive index. The interference flinge
that fell on either side of 10.0 microns was always a maximum to maxi-
mum trlnge.- Since the spectrophorometer gave erratic results afier
17.0 microns, the position of any interference fringe maximum after
about 15.0 microns may not be the wavelength at which the true
!nterferencé maximum occurs. In order to verify this, some spectra
should be spot checked after the reflectance attachment is fitted with
new mirrors and realigned.

Three of the thin film materials showed a merked change in the
refractive index with a change In film thickness. The refractive
indices for zinc sulfide, cadmium selenide, and germanium changed on
the order of 0.2 for film thickness changes of 0.06, 0.18, and 0.06
microns respectively. This Indicates that the refractive index may be
thickness dependent, and the phenomena should be investigated further.

Probably the best way to check this would be to take measurements on a

35
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large number of samples of different thicknesses.
For most analyses the minimum to minimum frfnges gave more moder-

ate changes in the refractive Indices than the maximum to maximum
»

fringes. The refractive Index always increased facter using the
maximum to maximum fringes. This indicates that the fringe maxima are
skewing toward shorter wavelengths as wavelength increases, while
fringe minima are remalnlﬁg relatively stationary. This is portrayed
in Figure 11, which is a schematic of fringe maxima and minima for

cadmlum selenide, thickness 2.59 microns. Since in equation (26)
1
na-—

@?Z’

result In o more rapid increase for n than the fiinge minima do.

It can be seen that the fringe maxima skewing to the left

5.._ 835 ._.,4.._ 815 770 ....4
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Fig. 11. Wavenumber Difference Between Fringes for CdSe
for 22° [ncident Angle

Mot e spectra would help to determine the cause of this. It would also

be a great ald to be able to get interference fringes further out in

the Infrared to find out if this phenomena continues. Since this more
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ropld increase of n for fringe maxima occurs for all samples tested,
the phenomena may be due to characieristics of the reflectance
attachment used in the spectrophotometer. The best way to check this
would be to record reflection spectra on the same samples using a

different or improved reflectance attachment.

Bulk vs Thin Film Index

This section will deal with the comparison of the computed indices
of refraction with buik material indices reported in the literature.
The thin film indices used for the comparison will be the ones computed
from minimum te minimum fringes because these were more consistent than
the Indices computed from maximum to maximum fringes. The comparison
will be for the 10.0 micron region since this is the proposed wave-

length region of use for these materials.

: Thin Flim
Material Bulk Index Index Figure 12 1ists both bulk
. InS 2.20 2,16/2.30 and thin film Indices. The
Inse 2.4 2.53/2.58 first five bulk Indices are
Ge k.00 4.03/k.19 reported by Eastman Kodak
cds 2.25 2.88/2.93 Company (Ref 6:13, i4). The
CdTe 2.67 2.71/2.74 Index listed for ZnTe is
InTe 3.00% 2.92/2.97 actuslly an Index for a ZnTe
Cdse 2.4 2.38/2.55 thin film on a ZnSe substrate.

is f db
Fig. 12, iIndices of Refraction in This figure was reported by

10.0p Region

. Hughes Research Laboratories
*Reported Thin Film Index

at the October 1973 Conferen&e

on High Power Infrared Laser Window Materials. The buik index for Cdse
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was reported by Optical Coating Laboratory, Inc., In a letter accom-
panylng the sample shipment. 1t Is not known how the bulk Indices
were determined.

For most materials the thin fllm indices agree favofably with
the reported bulk values. However, the thin film Index for CdS is
significantly higher than the¢ wu'k value. The reason for thls large
difference is not known and should be investigated further. From
Figure 12, it appears that generally the thin fiim refractive index
Is approximately the same as the bulk material's refractive Index.
However, this approximatlon may or may not be valid enough to design
AR coatings. To be accurate, the index of any thin film materlal

under conslideration, needs to be measured with the thin film coating

on the same substrate with which the coating is to be used.
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V. Reccnmwnda}}ons

The primary recommendatlion Is to improve the reflectance attach-
ment. This can be dcne by replacing both mirrors 1 and 2 on both
unlts of the reflectance attachment. They should be replaced with
curved mirrors to focus the incident light beam onto the sample and
mirror 3, respectively. These mirrors should be large enough to
prevent light spillover. The first mirrors on each unit should also
be placed in the center of the ‘incident beam. They are presently about
2.0mm away from the center of that beam.

The next recommendation is to obtain better quality coatings and\
conduct the same or similar tests with them. How much effect the puor
quality of the tested coatings had on the results is not.known.

Results from good quslity coatingz would bz cf graat benefit in
determining the validity of results presented in this thesis.

The final recommendation Is to ¢oat a substrate blank completely.
This would give more area for the incident beam to illuminate. Also,
the blank should be coated on only one side and the other side frosted,

s$o that there will be no contribution to total reflectance from the

back surface.
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Coating
Haterial
Zinc Suifide
Zinc Sulftide
Zinc Sulfide
Zing Sulfide

Germanium

Germanium

Germanium
Cermanium
. /
Cadmium Selenide
Cadmium Selenide
Cadmium Selenide
Cadmium Selenide
Cadmium Telluride
Cadmium Teliuride

Cadmium Telluride

( . Cadmium Telluride

Appendix A

Conditlon of Coatings

Measured
Thickness

2.71 microns

*2.7! nicrons

2.65 microns

2.65 microns

V.27 microns

§.27 mlcrons

. - a
3.2 meCroans
g, MTOrons

1.33 microns

2.%1 migrons

2.4 microns

2.59 microns

2.59 microns

2.06 microns

2,06 microns

2.09 microns

2.0% microns

43

Brief Description of
Coating

Large scratch through
cente, , unuseable.

Mottled, very finely
scratched.

Good coating.

Mottled, very finely
scratched.

Mottled, very finely
scratched,

Very finely scratched.

MHottied, very fluely

scratched.

Very finely scratched.
Ceating ran, numerous
pinholes in coating.

Extensively scratched,
unuscable.

Coating van, nurerous
pinholes in cuating.

Intarini ttent scratches,

‘a few pinholes In coating.

Coating ran.
Coating ran.
Loating ran.

Coating ran, slighyiy

-fogged.
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Coating
Material

Zinc Selenide
Zinc Selenide
Zinc Selen:de

Zinc Selenide

Zinc Telluride
Zinc Telluride
Zinc Telluride
Zinc Telluride
Cadmium Sulfide
Cadmium Sulfide

Cadmium Sulfide

Cadmium Sulfide

Measured
Thlckncgi

2.06 microns
2.06 microns
2.03 microns

2.03 microns
*1.71 mlcrons
1.71 microns
1.7% microns
1.74 microns
1.80 micrens
1.80 microns

1.83 microns

1.83 microns

5h

R T

N

Brief Description of
Coating

Slightly fogged.
Slightly fogged.
Slightly fogged.
Slightly fogged.
Coating ran, slightly
fogged.

Coating ran, very finely
scratched.

Coating ran, slightly
fogged.

Coating ran, very finely
scratched.

Very finely scratched.
Very finely scraiched.
Very finely scratched.

Very finely scratched.
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Appendix B

Tables of Normalized Experimental Reflectances

The following tables contain the normalized experimental reflec-
tances of the seven film materlials plus the bare substrate. The tables
are arranged so that the reflectances are given at every half micron
for each incident angle. _The reflectance at 10.6 microns is given
instead of 10.5 microns, because 10.6 microns is the wavelength of the
COz laser,

The reflectance values were normalized in the following manner.
At the beginning of each day, twc 100% reflectance spectra were
recorded with an alumin.m mirror in the reference beam and a United
States Bureay of Stardards gold standard mirror in the s?mple beam.
The walugs from the two 1Q0% spectra were averaged. Then without any
contrel changes the roeflectance spectra of the coatings were recorded.
There normaliy were twd cuatings of the same thickness for each
substance sc the two spectra for that thickness were averaged.

Aow a2¢ a particular wavelength let the following symbels be
defined: |

R » absolute reflectance of the aluminum mirror placed in
‘the reference beam.

R = absoiaie reflectance of the gold standard mirror placed
in the sampie beaw. : '

R » abuolute reflectance of the cocating on a substrate
placed In the sample beam.

M . =~ averaged measurement taken from the 1003 spectrum.

M = averaged measurement taken from the sample spectrum.

.
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Then the value from the 1003 spectrum is

M-fg_ (3)

. g Ra *

and the value from the sample spectrum is

" Rs )
.S R,

Now If the same aluminum mirror is used in the reference beam for both
the 100% and sample spectra, then R, is the same Ir either case. So

equating Ra and rearranging the results, one gets

M
= S
R = R (5)

Since the Bureau of Standards had already calibrated the’ reflectance of

the gold standard, the only unknown is R. which is the normalized valu

1

desired,
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Tahle |

(]
Table of Normalized Experimental Reflectances for Zinc Suirice
Film Thickness: 2.71 Microns

Wavelength/Wavenumber Incident Angle
(microns) (cm-1) . 22 Degrees 51 Degrees 63 Degrees

2.5 4009 0.310 0.05% 0.005 .

3.0 3333 0.302 0.093 0.345 :

3.5 2857 0.242 0.602 0.000 ;

4.0 2500 0.157 0.082 0.032 i

4.5 2222 0.35L 0.088 0.002 {

5.0 2000 0.268 0.019 0.006

5.5 1818 0.095 0.006 0.022

6.0 1667 0.122 0.057 0.024

6.5 1538 0.263 0.094 0.039 g

7.0 1428 0.347 0.103 0.039

7.5 1333 0.366 0.094 0.031

8.0 1250 0.35i 0.069 0.62] 1
; 8.5 ii76 0.306 0.050 0.0i2 3

9.0 nn 0.234 0.022 0.006 :

9.5 1053 0.186 0.008 0.006

10.0 1000 0.118 0.000 0.004

10.6 943 0.081 0.000 0.006 3

11.0 909 0.074 0.00) 0.006 3

11.5 870 0.085 0.012 0.008 1

12.0 833 0.107 0.017 0.010 F

12.5 800 0.155 0.037 0.012 3

13.0 769 0.185 0.052 0.014 i

13.5 74 0.207 0.063 0.018 i

4.0 714 0.239 0.075 0.021 -

14.5 690 6.260 0.080 0.024 i

15.0 667 0.271 0.082 0.021 f

15.5 645 T 0.276 0.082 0.020 '

16.0 625 0.277 0.082 0.020

16.5 606 0.276 6.077 0.022

7.0 588 0.27% 0.076 0.018
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Table 11

Table of Normalized Experimental Reflectances for Zinc Sulfide
Fllm Thickness: 2.565 Microns

R

Wavelength/Wavenumber Incident Angle
(microns) (cm-1) * 22 Degrees 51 Degrees 63 Degrees

2.5 4000 0.268 6.090 0,036
3.0 3333 0.137 0.057 0.022
3.5 2857 0.301 0.040 0.007
4.0 2500 0.111 0.036 0.014
4.5 2222 0.342 0.096 0.03%4 ;
5.0 20600 0.310 0.052 0.012
5.5 1818 0.116 0.000 0.001
6.0 1667 0.099 0.021 0.013
6.5 1538 0.235 0.069 0.027
7.9 1428 0.329 0.094 0.034 §
7.5 . 1323 0.356 0.095 0.032

‘ §.9 1250 0.358 0.087 0.024 .
8.5 1176 0.319 0.064 0.015 ;
9.0 1111 0.259 0.040 0.010 :
9.5 1053 0.200 0.0317 0.006 K
10.0 1000 0.143 0.003 0.002 R
10.6 ; 943 0.090 0.000 0.001 ]
11.0 909 0.074 0.000 0.002 i
1.5 870 0.083 0.002 0.006 :
12.0 833 0.101 0.008 ¢.010 3
12.5 800 0.137 0.020 0.011 :
13.0 763 0.175 0.032 0.015
13.5 7 0.197 0.049 0.018 T
14.0 AL 0.220 0.063 0.020 i
4.5 690 0.250 0.071 0.021)
15.0 667 0.267 0.078 0.021
15.5 645 0.269 0.080 0.020 ,
16.0 625 0.273 0.080 0.022
16.5 606 0.270 0.076 0.019
17.0 588 0.266 0.076 0.018
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Table |

Table of Normalized Experimental Reflectances for Germanium

Filim Thickness:

Wavelength/Wavenumber

{microns)
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1.27 Microns

Incident Angle

(em=1) 22 Degrees 51 Degrees
4000 0.617 0.232
3333 0.732 0.401
2857 0.141 0.000
2500 0.684 0.388
2222 0.724 0.347
2000 0.359 0.063
1818 0.224 0.103
1667 0.606 0.310
1538 0.735 0.407
1428 0.770 0.427
. 1332 0.744 0.398
1z5v 0.689 0.338
1176 0.63% 0.255
111 0.435 0.158
1053 0.291 0.070
1000 0.151 0.013
943 0.093 0.006
909 0.148 0.0L46
870 0.250 0.101
833 0.360 0.165
800 0.457 0.210
769 0.534 0.249
™™ 0.588 0.289
714 0.635 0.323
690 0.663 0.349
667 0.685 0.368
645 0.697 0.380
625 0.701 9.390
606 0.702 0.396
588 0.695 0.396

43
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Table 1V .

Table of Normalized Experimental Reflectances for Germanium
Film Thickness: 1.33 Microns

Wavelength/Wavenumber . Incident Angle
(microns) {cm-1) 22 Degrees 51 Degrees 63 Degrees

2.5 4000 0.613 0.265 0.182

3.0 3333 0.684 0.395 0.321

3.5 2857 0.146 0.003 0.00)

h.o 2500 0.6k4 0.382 0.314

4.5 2222 0.688 0.355 0.279

5.0 2000 0.362 0.072 0.048 '

5.5 1818 0.196 0.094 0.089 :

6.0 1667 0.559 0.304 0,250 ’

6.5 1538 0.687 0.404 ., 0.333 ;

7.0 1428 0.727 0.427 0.350 :

7-5 1333 0.706 0.40z 0.3z :
( 8.0 1250 0.662 0,341 0.268 a

8.5 1176 - 0.571 0.266 0.211 :

9.0 nn 0.429 0.170 0.113 L

9.5 1053 0.288 0.080 0.055 i

10.0 1000 0.153 0.013 0.012 1

10.6 943 0.086 0.00% 0.010 !

11.0 909 0.124 0.040 0.037 i

11.5 870 0.226 0.093 0.074 :

12.0 833 0.329 0.153 0.113 ?

12.5 800 0.420 0.205 0.161

13.0 769 0.486 0.235 0.197

13.5 74 0.547 0.277 0.230 N

14.0 714 0.595 0.311 0.256

14.5 690 0.626 0.343 0.278

15.0 667 0.648 0.362 0.296

15.5 645 0.662 0.377 0.307

16.0 625 0.668 0.391 0.315 )

16.5 606 0.670 0.394 0.318 )

17.0 588 0.666 0.396 0.321 |
{

-
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Table V

Table of Normalized Experimental Reflectances for Cadmium Selenide

Film Thickness:

Wavelength/Wavenumber

{mlcrons)

{cm~1)

« » % ® e * a2 ® e ® @ « » & & ¢ o » ® e » e ¢
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1I£.5

4000
3333
2857
2500
2222
2000
1818
1667
1538
1428
1332
1250
1176
mn
1053
1000
943
909
870
833
800
769
741
714
690
667
645
625
606
588

2.41 Microns

Incident Angle

22 Degrees 51 Degrees 63 Degrees
0.273. 0.126 - 0.069
0.099 0.059 0.050
0.386 0.071 0.018
0.106 0.054 0.04)
0.398 0.079 0.075
0.354 0.063 0.023
0.116 0.000 0.001
0.127 0.057 0.027
0.27h 0.105 0.059
0.347 0.117 0.051
0.3uh 0.106 0.060
0.296 0.061 0.052
0.227 0.054% 0.0L0
0.158 0.025 0.030
0.083 0.009 0.023
0.0l 0.003 0.023
0.011 0.003 0.026
0.014 0.008 0,029
0.035 0.0t4 0.040
0.059 0.026 0.046
0.085 0.043 0.051
0.109 0.054 0.057
0.147 0.061 0.060
0.170 0.071 0.064
0.191 0.080 0.066
0.207 0.086 0.071
0.223 0.091 0.077
0.237 0.099 0,082
0.252 0.105 0.087
0.264 0.113 0.090

51
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Table VI

Table of Normalized Experimental Reflectances for Cadmium Selenide
Film Thickness: 2.59 Microns

Wavelength/Wavenumber Incident Angle
(microns) {cm~1) 22 Degrees 51 Degrees 63 Degrees

2.5 4000 - 0.344 0.120 0.059

3.0 3333 0.141 0.097 0,058 :

3.5 2857 0.366 0.046 0.009 i
: 4.0 2500 0.127 0.070 0.050 i
: 4.5 2222 0.412 0.143 0.07k :
‘ 5.0 2000 0.349 0.063 0.030 :
: 5.5 1818 0.113 0.000 0.001 ¢
: 6.0 1667 0.116 0.046 0.024 ;
; 6.5 1538 0.284 0.097 0.057 :
; 7.0 1428 0.374 0.120 0.064 1
{ 7.5 1333 0.392 0.115 0.061 :
: 8.0 1255 0.370 0.101 0.053 $
P 8.5 1176 0.309 0.072 0.039 3
_ 5.0 L 5.228 0.0%3 g.018 :
: 9.5 1053 0.165 0.014 0.013 i
; 10.0 1000 0.092 0.002 0.007
: 10.6 943 0.053 0.000 0.009
: 11.0 909 0.051 0.003 0.014
z 11.5 870 0.064 0.017 0.018 ¢
: 12.0 833 0.091 0.04) 0.028 !
: 12.5 800 0.134 0.064 0.04)
; 13.0 769 0.176 0.080 0.053 !
, 13.5 741 0.207 0.100 0.065
: 14,0 714 0.247 0.112 0.076 -
. 14.5 690 0.274 0.124 0.082 5
: 15.0 667 0.292 0.135 0.083 :
; 15.5 645 0.305 0.13% 0.082 N
* 16.0 625 0.311 0.145 0.081 ;
: 16.5 606 0.315 0.150 0.081 i

17.0 588 0.315 ¢.149 0.079
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Table VII
Table of Nermalized Experimental Reflectances for Cadmium Telluride .
Film Thickness: 2.06 Mlcrons !
i |
i
Wavelength/Wavenumber Incident Angle i
(microns) (cm™1) * 22 Degrees 51 Degrees 63 Degrees :
2.5 4000 0.436 0.134 0.063 i
3.0 3333 0.341 0.187 0.111 |
3.5 2857 0.259 0.008 0.004 i
4.0 2500 0.277 0.150 0.098 {
4.5 2222 0.471 0.182 0.106 i
5.0 2000 0.318 0.050 0.020 i
5.5 1818 0.803 0.008 0.008
6.0 1667 0.218 0.10] 0.068 ;
6.5 1538 0.383 0.180 0.112 i
7.0 1428 0.458 0.197 0.122
7.5 1333 0.474 0.192 0.117
( 8.0 1250 0.456 0.164 0.100
‘ 8.5 ii76 0.409 0.113 0.072
5.0 Hn 0.335 0.073 0.048 : )
9.5 1053 - 0.230 0.040 0.020 -
10.0 1000 0.157 0.003 0.009 ; -
10.6 ; 9h3 0.083 0.000 0.002 '
11.0 909 0.06S 0.002 0.006
1.5 870 0.089 0.017 0.014 )
12.0 833 0.127 0.0, 0.034 ;
12.5 800 0.190 0.061 0.049 i
13.0 769 0.234 0.083 0.057 .
13.5 741 0.277 0.105 0.072 -
4.0 . Th 0.314 0.123 0.083 |
4.5 690 0.348 0.143 0.094 ]
15.0 667 0.382 0.158 0.101 ;
15.5 645 0.397 0.168 0.107 3
16.0 625 0.%14 0.179 0.112 |
16. 606 0.432 0.188 0.113 '
17.0 588 0.448 0.190 0.114
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Wavelength/Wavenumber

(microns) _(em-1)

4000
3333
2857
2500
2222
2000
1818
1667
1538
1428
1333
1250
1176

1053
1000
943
909
870
833
800
769
741
74
690
667
645
625
606
588
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Table Vii!

Table of Normalized Experimental Reflectances for Cadmium Telluride
Film Thickness: 2.09 Microns

Inclident Angle
22 Degrees 51 Degrees 63 Degrees

0.473 0.177 0.090
0.322 0.173 0.103
0.277 0.012 0.000
0.285 0.167 0.108
0.503 0.201 0.126
0.3k4 0.074 0.034
0.088 0.006 0.002
0.215 0.094 0.062
0.387 0.180 0.111
0.468 0.204 . 04127
0.503 0.204 0.123
0.474 0.783 0.108
0.430 0.13 0.083
C.35% 0.050 0.053
0.249 0.045 0.025
0.173 0.013 0.007
0.091 0.000 . 0.000
0.070 0.002 0.002
0.088 0.012 0.011
0.127 0.037 0.022
0.190 0.055 0.036
0.235 0.071 0.052
0.273 0.160 0.065
0.309 0.114 0.076
0.351 0.136 0.086
0.377 0.151 0.105
0.400 0.163 0.102
0.419 0.177 0.108
0.437 0.188 0.109
0.450 0.190 0.110
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Table IX .
Table of Normalized Experimental Reflectances for Zinc Selenide
Film Thickness: 2.06 Microns
Wavelength/Wavenumber . Incident Angle
(microns) (cm"1) 22 Degrees 51 Degrees 63 Degrees
2.5 4000 0.087 0.018 0.013
3.0 3333 0.372 0.082 0.037
3.5 2857 0.099 0.063 0.049
4.0 2500 0.396 0.136 0.078
4.5 2222 0.306 0.046 0.015
5.0 2000 0.072 0.002 0.005 h o
5.5 1818 0.182 0.077 0.054 3 N
6.0 1667 0.325 0.124 0.082 : :
6.5 1538 0.396 0.143 0.088 §
7.0 1428 0.392 0.124 0.073 :
7.5 1333 0.357 0.098 0.055 i
( 8.0 1250 0.295 0.060 . 0.032 !
h 8.5 176 0.223 0,035 0.013 -
9.0 1111 0.143 0.006 0.002 '
9.5 1053 0.080 0.00C 0.000
10.0 1060 0.063 0.000 0.003 i
10.6 943 0.083 0.014 0.012 :
1.0 909 0.112 0.03! 0.020 :
11.5 870 0.163 0.052 0.035 :
12.0 833 0.209 0.060 0.046 j
12.5 8oo ‘ 0.235 0.079 0.053 i
13.0 769 0.272 0.052 0.058 ;
13.5 741 0.300 0.106 0.066 M
14.0 71k 0.322 0.117 0.080 H
14.5 630 0.344 0.126 0.082 ]
- 15.0 667 0.362 0.131 0.083 ¢
15.5 645 0.377 0.134 0.08] !
16.C 625 0.388 0.134 0.080 $
16.5 605 0.398 0.133 0.076 i
17.0 588 0.406 0.134 0.073 3
]
H
i
i
|
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Table X

Table of Normalized Experimental Reflectances for Zinc Selenide
Film Thickness: 2.03 Microns

Wavelength/Wavenumber Incident Angle

(microns)  (cm™1) * * 22 Degrees 51 Dagrees 63 Degrees
2.5 Looo 0.106 0.911 0.011
3.0 3333 0.385 0.089 0.035
3.5 2857 0.100 0.060 0.047
4.0 2500 0.41 0.150 0.082
4.5 2222 0.322 0.053 0.017 :
5.0 2000 0.079 0.001 0.005 !
5.5 1818 0.187 0.072 0.053 ;
6.0 1667 0.344 0.126 0.079
6.5 1538 0.l13 0.155 0.088
7.0 1428 0.517 0.138 0.076
7.5 1333 0.38} 0.106 0.0r@

: 6.0 1256 0.431 0.G57 0.033
L 8.5 1176 - 0.2 0.043 " 0.615 ,

9.0 11 0.165 0.006 0.005 '
9.5 1053 0.089 0.000 - 0,000 '
10.0 jo0o 0.065 0.000 0.006
10.6 o43 ' 0.091 0.014 0.003
11.0 909 0.119 0.031 0.018
11.5 870 0.172 0.052 0.034
12.0 833 0.221 0.072 0.046
12.5 800 0.255 0.087 0.055
13.0 769 0.290 . 0.100 0.058
13.5 74 0.3i6 0.111 0.060 -
14.0 7l ' 0.342 0.120 0.062
14.5 699 0.363 0.128 0.062
15.0 667 0.381 0.134 0.062

©15.5 645 0.392 0.139 0.062
16.0 625 0.4h02 0.143 0.060
16.5 606 0.k10 0.144 0.050
17.0 588 0.h14 0.144 0.060
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Table Xi

Tabile of Normalized Experimental Reflectances for Zinc Telluride
Film Thickness: 1.71 Hicrons

Wavelength/Wavenumber Incident Angle
(microns) (cm-1) + 22 Degrees 51 Degrees 63 Degrees
2.5 4000 : 0.101 0.057 0.054
3.0 3333 0.466 0.111 0.054
3.5 2857 0.302 0.153 0.107
4.0 2500 0.572 0.232 0.146
4.5 2222 0.3%0 0.063 6.035
5.C 2000 0.i05 0.019 0.020
5.5 1818 0.371 0.166 6.106
6.0 1667 0.534 0.230 0.160
6.5 1538 6.577 0.238 0.168
7.0 1428 0.559 0.216 . 0.139
7.5 1333 0.507 0.174 0.103
&.c 1250 c.410 c. ok C.06!}
8.5 1176 0,292 n.oc8 - 0.027
.0 11 0.206 0.012 0.005
9.5 1053 0.118 0.000 0.001
15.0 1000 0.109 0.010 0.010
10.6 943 0.179 0.048 0.034
11.0 909 0.224 0.063 0.052
1.5 870 0.297 0.105 6.065
i2.0 833 0.365 0.122 0.087
12.5 800 0.416 0.156 0.103
12.0 765 C.466 0.178 0.115
13.5 74 0.503 (..197 0.127
i4.0 714 0.535 , 0.220 0.138
14.5 €90 0.556 0.226 0.150
15.0 667 0.577 0.231 0.159
15.5 643 C.590 0.232 0.165
1€.0 625 0.60% 0.233 0.173
16.5 606 0.619 0.233 0.173
17.0 588 0.632 0.234 0.176
57
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Table X!
Table of Nermalized Experimenta)l Reflectances for Zinc Telluride : ‘
Film Thickness: 1.74 Microns
Wavelength/Wavenumbe r ' Incident Angle
(microns) {cm~1) ° 22 Degrees 51 Degrees 63 Degrees
2.5 Looo 0.102 0.062 0.049 ;
3.0 3333 0.0438 0.110 0.056 i
3.5 23857 0.306 0.173 0.110 :
5.0 2500 0.584 0.246 0.173
k.5 2222 0.398 0.075 0.052
5.0 2609 0.102 0.017 0.015
5.5 1818 0.36! 0.170 0.109
6.0 1667 0.535 0.235 0.170 ;
6.5 1538 0.579 0.252 0.181 )
7.0 1428 0.563 0.226 *0.153 !
75 - 1333 0.513 0.184 0.1
d { 8.0 1250 C.419 0.118 0.0569
' 8.5 1176 0.304 0.058 0.036 :
9.0 [RRR] 0.201 0.012 6.006 !
5 9.5 1053 c.122 0.000 0.000 .
10.9 1000 0.°1 0.007 N.006 ;
10.6 ;943 0.175 0.046 0.026 i
1.0 903 0.2i9 0.060 0.0k8 3
11.5 870 0.285 0.095 0.063
12.0 833 0.353 0.122 0.084%
12.5 800 0.406 0.156 0.102
: 13.0 769 0.453 0.178 0.112
- 13.5 741 0.383 0.197 0.128 -
1h.0 74 0.526 0.216 0.140
1h.5 690 9.550 0.229 0.154 :
15,0 067 0.569 0.231 0.162
15.5 645 0.585 0.2k3 0.168 ;
15.0 625 0.598 0.249 ¢.175
16.5 606 0.614 0.250 0.178
17.0 s8e 0.627 - 0.251 0.178 !
3
(
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Table Xtip |
Table of Rorm:ifzed Experimental Reflectances for Cadmium Sulfide
Film Thickness: 1.50 Microns
Havelength/Wavenumber ) Incident Angle
(microns) _ (em™l) 22 Degrees 5] Degrees 63 Degrees
2.5 4000 0.239 0.057 0.022 i
3.0 3333 0.298 0.053 0.026 i
3.5 2857 0.226 0.069 0.033 !
4.6 2500 0.350 6.113 0.057 g
4.5 2222 0.327 0.063 0.025 :
5.0 2000 0.194 0.034 0.004 !
5.5 1818 0.215 0.075 0.045 H
6.0 1667 0.351 0.130 0.078 :
6.5 1538 0.431 0.164 . 0.096 '
7.9 1428 0.448 0.158 0.088
7.5 1333 0.427 0.7126 0.071%
( 8.0 1250 0.380 0.096 0.05]
8.5 1176 0.309 0.067 0.023
9.0 LRRR! 0.240 0.038 0.007
9.5 1053 €.195 0.015 ©.000
10.0 1000 0.140 0.0i12 0.000 ;
10.6 943 0.129 0.023 C.009 :
11.0 909 0.155 0.04%0 0.023 :
11.5 870 0.199 0.058 0.042 ;
12.0 833 0.244 0.08) 0.054 :
12.5 800 0.293 0.101 0.067 i
13.0 769 0.344 0.117 ©.07° :
13.5 741 0.389 0.134 0.097 N
14.0 714 0.h24 G.151 0.111 4
14.5 630 0.454 G.168 0.121 }
. 15.0 667 0.h82 © 0,180 0.122 H
15.5 645 6.506 0.183 0.124 :
16.0 625 0.517 0.194 0.127 {
16.5 606 ¢.531 0. 9% 0.127 i
17.0 588 0.544 0.195 0.126 %
(
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) : Table XIV |
Table of Normalized Experimental Reflectances for Cadmium Sulfide
) Film Thickness: 1.83 Microns

Wavelength/Wavenunber Incident Angle

(microns) _(cm~1) ' 22 Degrees 5] Degrees 63 Degrees

2.5 4000 0.239 0.053 0.011

3.0 3333 0.316 0.091 0.042

3.5 2857 0.189 0.044 0.008

4.0 2500 0.328 0.108 0.059

4.5 2222 0.369 0.094 0.042

b 5.0 2000 0.212 0.028 0.003

5.5 1818 0.165 0.046 0.018

6.0 1667 0.287 0.098 0.060

6.5 1538 0.397 0.140 0.684

7.0 1428 0.434 0.206 0.087

7.5 1333 0.433 0.i92 0.077

{ 8.0 1250 n_ann 0.104 0.061

’ 8.5 1176 0.345 0.083 0.043

} 9.0 [RRE 0.277 0.054 06.017

9.5 1053 0.214 0.031 0.006

b 10.0 1000 0.168 0.014 C¢.000

! 10.6 943 0.122 0.008 0.002

11.0 3909 0.123 o.nmb 0.005

11.5 87¢c 0.157 0.014 0.014

{2.0 833 0.196 0.049 0.029

12.5 800 0.236 0.060 0.044

13.0 769 0.28]1 0.975 0.054

~ 13.5 741 0.327 0.094 0.065

14.0 714 0.366 0.112 0.092

14.5 690 0.402 0.126 0.095

. 15.0 667 0.429 0.139 0.096

' 15.5 645 0.447 0.146 0.099

16.0 625 0.465 0.154 0.101

16.5 606 0.485 0.157 0.102

17.0 588 0.498 0.158 0.102
)
)
r
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Table XV .

Table of Normalized Experimental Reflectances for Potassium Chlorlde

Wavelength/Wavenumber Incident Angle
(microns) (cm™1) . 22 Degrees 51 Degre:zs 63 Degrees
2.5 4o00 0.060 0.000 0.000 .
3.0 3333 0.061 ©.001 0.001 t
3.5 2857 0.062 0.002 0.002 i
4.0 2500 0.065 0.003 0.002 i
4.5 2222 0.064 0.003 0.004 g
5.0 2000 0.065 0.000 0.004 i
5.5 1818 0.065 0.002 0.004 :
- 6.0 1667 0.065 0.006 0.004 X
6.5 1538 0.065 0.008 0.004 :
7.0 1428 0.065 0.012 . 6.004
7.5 1333 0.066 0.009 0.004 :
8.0 1250 0.066 0.u09 0.004 '
{ 8.5 1176 0.067 0.006 0.004
.0 11 0.069 0.903 0.006
9.5 1053 0.065 0.002 0.006
16.0 1000 0.068 0.001 0.006
10.6 943 0.069 0.000 0.006
il.o 909 0.071 0.002 0.006
11.5 870 0.071 0.002 0.006
12.0 833 0.070 0.003 0.006
12.5 809 0.071 0.005 0.006
13.0 769 0.071 0.008 0.007
13.5 74 0.070 0.008 0.007
14.0 714 0.070 0.009 0.007 =
15.5 630 0.072 0.014 0.007
15.0 667 0.072 0.016 0.007 i
. 15.5 645, 0.075 0.019 0.007 ;
16.0 625 0.076 0.023 0.007 :
16.5 606 ¢.079 0.023 0.007 i
17.Q . 548 a.08s5 0.025 0.007
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( - Appendix C

Tables of Maxima and Minima In the Reflection Spectra

The following table; show the wavenmeers where the maxima and
minima occurred In the experimental reflection spectra. The wave-
numbers where each maximum and minimum occurred were recorded for
each spectrum and then averaged for coatings of the same thickness.

Each table is arranged so that the average maxima and minima for both

thicknesses of a thin fiim coating are shown at each incident angle.
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Table XVI
Table of Reflectance Maxima and Minima for Zinc Sulfide
Thickness 2.71 Microns 2.65 Microns
incldent Maxima - Minima Maxima Minima
Angle (cm™1) (em™1) (cm=1) (cm=1)
3500 3830
3070 3415
2620 2980
22 Degrees 2190 2570
1755 2140
1335 1733
. a5 1315
620 898
623
3740 3540
3300 3110
2810 2670
1 pe 2340 2220
ST Degrees 1890 1810
1435 1370
965 920
655 635
3840 3630
3360 3185
b : 2900 2725
63 Degrees 2370 2295 :
1830 1820
1480 1393
980 953
685 670
63
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Tabl

e XVil

Table of Reflectance Maxima and Minima for Germanium
1 ]

.
. i okt e i akly

Thickness 1.27 Microns 1.33 Microns
Iincident Maxima Minima Maxima Minima
Angle {cm=1) (cm-1) (cm-1) (em™1)
3725 3710
3265 3260
2815 2805
22 Degrees 2315 2320
1895 1888
1428 1420
955 950
603 593
3780 3760
3330 3310
2860 2850
51 Degrees 2370 2370
1925 1915
1430 1435
970 965
_ 3805 ) 3795
3340 3335
2880 2870
63 Degrees 2400 2380
: 1943 1930
1455 1458 :
973 973
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Table XVItI

Table of Reflectance Maxima and Minima for Cadmium Selenide

Thickness 2.4 Microns 2.59 Microns
Incldent Maxima Minima Maxima Minima
Angle (em=1) - {cm-1) (cm-1) (cm™1)
3780 3835
’ 3380 3420
22 Degrees 2960 2990
2550 2570
2149 2155
1745 1740
. 1390 1340
LT 915
570
3940 3610
3520 3150
51 Degrees 3080 2710
, 2660 2260
2230 1810
1835 1395
1430 960
970 590
3590 3655
3120 3195
, . 2700 2755
63 Degrees 2260 2260 .
1880 1855
1430 1410
10600 980
640
65

Py
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Table XIX

Table of Reflectance Maxima and Minima for Cadmium Telluride

Thickness 2.06 Micrens 2.09 Microns
incident Maxima Minima Maxima Minima
Angle (cm=1) (ecm=1) (em-1) {cm~2)
3570 3550
3130 3105
2675 2680
22 Degrees 2215 2205
. 1795 1788
1338 1338
' 908 905
5590 555
(
) 3730 3670
3260 3230
2730 2790
51 Degrees 2330 2300
! 1880 1850
1415 1385
950 925
540 s4o
3755 3700 ’
3295 3275
. 2810 2825
63 Degrees 2340 2335 )
1880 ) 1875
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Table XX

Table of Refiectance Maxima and Minlma for Zinc Selenide

Thickness 2.06 Microns 2.03 Mligrons
Incident Maxima Minima Maxima Minima
Angle (em™}) (cm~1) {cm™1) (cm™1) .
3920 3910 :
3420 3420 %
2935 2930 i
22 Degrees . 2420 2koo i
1965 1963 i
- 1493 1480 i
938 930 i
473 585 - i
{ :
3590 3570 ¢
: 3070 3050 :
2560 2560 . {
51 Degrees 2050 2030 p
1560 1535 !
1045 1040 ‘
610 590 ‘
3650 3610
3110 31i¢
63 Degrees 2600 2570
: ' 2090 2070
1570 ‘1555 '
1055 1048
€63 670
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Tab

le XXI

Table of Reflectance Maxima and Mindma for Zinc Telluride

Thickness 1.71 Microns 1.74 Microns
Incident Maxima Minima Maxima Minima
Angle (cm™1) (cm™1) (cm™1) (cm™1)
3535 3520
3035 3030
22 Degrees 2hys 2500
1995 . 1995
1535 1523
A 1023 1015
600 585
3620 3620
3120 2120
51 Degrees 2600 2590
2080 © 2070
1560 1540
1050 1040
570 560
13665 3660
3150 3150
63 Degrees 2600 2610
2100 2080
-1570 1578
1060 . 1050
563 560
68
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Tabl

e XXIi

Table of Reflectance Maxima and Miniha for Cadmium Sulfide

1.80 Microns

Thickness 1.83 Microns
Incident Maxima Minima Maxima Minima
Angle (em™}) (cm-1) (em™1) (em™1)
3395 3790
2925 3290
22 Degrees 2395 2820
1938 2325
1440 1878
. 963 1390
593 928
583
3580 3430
3060 2920
51 Degrees 2500 2420
19920 1960
1500 ’ 1460
1020 960
590 560
3585 3480
3115 2975
63 Degrees 2530 2470
: : 2615 1960
1520 1460 ‘
1035 968
585 580

69
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. Appendix D

Computed "Indices of Refraction

This appendix contalns the indices of refraction, n, calculated
for each material! using equation (26) and the information from the
reflection spectra. It would have been better if the information ' i
could have been presented graphically instead of in a table. However,
there were only six fringes for each sample, which resulted in enly
six data pecints for a graph. Ancother problem was that the calculated
indices were normally not consistent with one another. Therefore, it
seemed beiter to present them in a tabular form with the applicable

. wavelength reéions Indicated. The following paragraphs explain how the
tables were constructed. .

!n each spoctrum there normally werc six fringes; three fringes
going from amplitude maximum to amplitude maximum, and three fringss
going from amplitude minimum to amplitude minimum. An n was calculated
for each sirgle fringe to obtain an idea of how n changed as wave-
length increased. This was necessary since equation (26) only gives an
average n over tha Avif used.

The fringes occurred at about the same wavelength for eacn incident - ﬁ
angle, so aﬁ n for each corresponding fringe at each incident angle was
calculated. Then the three n's were averaged to obtain the n presented
in the following tibles. To obtain the wavelength range for an aver-
aged n, the wavelengths for the beginning and end of the three
corresponding fringes were averaged. This introduced an error of +0.ly

in the shortur wavelengths and +0.4u in the longer wavelengths.
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Uceasionaily only one of the three spectra for a given sample
would have & complete fringe &t tte beginnin: or.end of a spectrum,
due to the differert incident angles. WQen thi:s occurred, the one
fringe was used vc calce'late n for that wavelength range, and no
averaging was involved. These values of n are marked by an asterisk

in the fellawing tables,

Tabla XX111

Ccmputed Indices of Refraction For Zinc Sulfide

. Messured
Type Fringe lUsed Film Thickness Averuge From To
to Obtain Av {microns) n (inicrons) {(microns)

Haximum to 2.7 2.05 3.1 4.3
Raxoum 2.2% 4.3 K |

2.k2 7.1 15.3
Haximum to 2.%5 2.28 3.2 4.5
Hax mum 2.31 4.5 7.4

2.73 7.k 15.6
Kintmum to ’ 2.7 2.14 2.7 3.6
Minimum 2.14 3.6 .4

2.16 5.4 10.5
Minimum tgo _ 2.65 2.28 2.8 1.8
Minimum 2.30 3.8 5.6

2.30 5.0 10.8
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Table XXV
Comnuted Indices of Refractlon for Germanium
I
i Measured
Type Fringe Used Film Thickness Average From To
] to Obtain Av {microns) n (microns) (microns)
Maximum to 1.33 4. 04 3.0 4.2
L Max Imum L.t 5,2 11.0
i L, 56% 11.0 16.9
B
Maximum to 1.27 4,20 3.6 ° 4.2
Max imum 4.34 4.2 7.0
{ L, 79% 7.0 16.6
)
Minimum to 1.33 518 2.7 3.5
r Minimum 4.1 3.5 5.2
k.03 5.2 10.4
Hinimum to 1.27 4.35 2.7 3.5
Minimum 4.29 3.5 5.2
b 4.s 5.2 10.4
r-.
)

-
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Table XXV

Computed Indices of Refraction for Cadmium Selenide

Measured
Type Fringe Used Film Thickness Averag: From Tor
to Obtain Av {microns) n__ {(microns) {microns) ]
i
Maximm to 2.59 2.30 3.2 L.5 ¥
Maximum 2.ko b5 7.2 )
. ’ 2-57 7!2 ibn;’ ’i
Maximum to 2,4] 2,55 2.6 2.2
Maximum 2.59 3.3 L. 5 ‘
2075 1'05 7']
Minimum to 2.59 2.30 2.4 3.7
Minimum 2.32 3.7 5.6
2.38 5.6 10.5
Minimum to RN - 2.52 2.9 3.8
Kinimum 2.64 3.8 5.5 i
2.55 5.5 10.3
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Table XXVI

Computed Indices of Pefractlon for Cadmium Teliuride

Measured
Type Fringe Used Film Thickness Average From To
to Obtain Av (nt:rons) n {m{crons) {microns)
b Maximum to 2.09 2.68 3.1 4.k
‘ Max imum 2.7% 4.4 7.3
i‘ , 3.00 7.3 18.1
,}“ Kaxim:n to 2.06 2.70 3.1 L4
| Marir.s. 2.79 by 7.2
\ 2.93 7.2 17.9
o«
! Minimum to 2.09 2.03 2.7 3.6
Minlmum 2.68 3.6 5.4
2.7 5.4 10.8
! Minimum to 2.C0¢ ?.72 2.7 3.6
P Minimum .17 3.6 5.4
? 2,74 5.4 10.7
i
T
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[ ]
Table XXVIl
Computed Indices of Refraction for Zinc Selenide

Measured ) !
Type Fringe Used Fiim Thickness Average From To :
to Obtain Av (microns) n (microns) {microns) i
Maximum to 2.06 2.47 2.8 b0
Maximum . 2.87 Lo 6.5
) : 2.92 6.5 16.3
Maximum to 2.03 2.5) 2.8 h.0 b
Max | mum 2.€1 L.o 6.5 3
( 2.51 6.6 16.3
Hinimum to 2.06 2.49 2.6 3.3
Minimum 2.52 3.3 L.g ;
2.53 4.9 9.7 :
Minimum to 2.03 2.5h% 2.6 3.3
MInimum 2.55 3.3 k.9 "
2.58 4.9 $.7 ¥

—
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Table XXVIII

Computed Indices of Refractien for Zinc Telluride

Measured : ,
Type Fringe Used Film Thickness Average From To
to Obtdin Av {microns) n {microns) {microns)

Maximum to 1.74 2.87 2.8 3.9
M2y Tmum , 2.91 1.9 6.5

3.03 6.5 17.6
Maximum to 1.7 2.90 2.8 - 3.9
Maximum 2.99 3.9 6.4

3.08 0.4 1/7.3
Minimum to 1.74 2.81 3.2 4.9
Minimum 2.92 4.9 9.7
Kinimum to .71 2.89 3.2 4.9
Minlmum 2.%7 4.9 9.6
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Table XXiX

Comput ' Indices of Refraction for Cadmium Sulfide

‘Measured .
Type Fringe Used Fiim Thickness Average From To
to Obtain Av (ri crons) n (microns) {microns)

Maximum tc 1.83 2,83 2.9 h.2
Maximum 2.92 4.2 7.0
- 3.26 7.0 17.4

Maximum to 1.80 2.76 2.8 4.0
Max imum 2.90 4.0 6.7
3.i8 6.7 17.0

Minimum to 1.83 .Z.SQ* 2.6 3.k
Minimum 2.90 3.4 5.2
2.88 5.2 10.5

Minimum to 1.80 - ~ -
Minimum 2.74 3.3 2.0
2.93 5.0 9.9
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Appendix E

Flow Chart of Computer Pragram

The following figure is a flow chart of a computer program written
to analyze a raflectance spectrum of a thin flilm on a substrate at any
wavelength. The program, by an iterative process, obtains the extinc-
tion coefficient of the film, k, for any given index of refraction of
the film, n. The initial value of n is read on a data card. The value
of n varies from its initial value to Its Initial value plus 1.0, in
0.1 increments.

With the information read on a data card and the equation (20)
devejoped in Chapter il, a reflectance is computed. Then the dif-
ference between the computed reflectance and the normalized mecasured
reflectance is calculated. |If the absolute value of the difference is
grealer than 0.001, a new k is calculated and another reflectance is
computed using the new k. This iteration process continues until the
difference hetween the computed and measured reflectance is less than
0.001. When the difference becomes less than 9.001, 0.1 is added tn
n and the process starts over to find a k to satisfy equaticn {20) for
the new n. This process continues until the range of r values is
exhausted.

The flow chart is stralght forward untlil the iteration piocess
for k Is reached. The lteratlon process is baséd on tne assumption

that for any given n value, there exists a k1 value that will give a

computed reflectance yreater than the measured reflectance, and there

exists a kz value that will give a calculated reflectance less than
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the measured reflectance. The program then finds a k value halfway

between k; and k2 and uses the new k to compute a new reflectance,

which should bring the computed reflectagce closer to the measured

reflectance.

The symbols used in the flow chart are defined below.

RC

Al

AZ

Bl
B2

2

compuféd reflectance
normalized measured reflectance

storage address for the difference between
RC and RM

storage address for X > 0

storage address for k's which resuit in
X>0

storage address for X < 0

storage address for k's which result in
X<0

index of refraction of the film

extinction coefficient of the film

79
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